In optimal foraging theory, search time is a key variable defining the value of a prey type. But the sensory-perceptual processes that constrain the search for food have rarely been considered. Here we evaluate the flight behavior of bumblebees (Bombus terrestris) searching for artificial flowers of various sizes and colors. When flowers were large, search times correlated well with the color contrast of the targets with their green foliage-type background, as predicted by a model of color opponent coding using inputs from the bees' UV, blue, and green receptors. Targets that made poor color contrast with their backdrop, such as white, UV-reflecting ones, or red flowers, took longest to detect, even though brightness contrast with the background was pronounced. When searching for small targets, bees changed their strategy in several ways. They flew significantly slower and closer to the ground, so increasing the minimum detectable area subtended by an object on the ground. In addition, they used a different neuronal channel for flower detection. Instead of color contrast, they used only the green receptor signal for detection. We relate these findings to temporal and spatial limitations of different neuronal channels involved in stimulus detection and recognition. Thus, foraging speed may not be limited only by factors such as prey density, flight energetics, and scramble competition. Our results show that understanding the behavioral ecology of foraging can substantially gain from knowledge about mechanisms of visual information processing.
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vision ͉ detection ͉ Bombus terrestris ͉ ultraviolet ͉ neuronal channel C hoosing flower types that involve minimal search times is critical in flower visitors for several reasons. Flight is energetically the most costly activity in insects (1) , and even though pollinating insects often operate at the limit of sustaining their flight activity, their fitness depends on the surplus forage brought home to provision their young (2, 3) . Most flowers offer only small quantities of nectar reward, to keep pollinators moving between plants and so maximize pollen transfer. Activities of many competing flower visitors further reduce those rewards. Bees have been widely used to study foraging decisions, and behavioral ecologists have made intriguing predictions on how pollinators should behave in complex situations where flowers of different species differ in detectability (4) . But the perceptual dimensions that underlie search times, and the floral parameters involved, have been little addressed. Possibly for this reason, predictions of optimal foraging theory are often inconsistent with observations of natural foraging behavior (5) (6) (7) (8) . In our experiments, we attempted to identify the neuronal channels used in the natural approach of bees toward a flower. We also evaluated the bees' flight behavior to see whether the temporal limitations imposed by the underlying neural processes could account for the bees' observed searching strategy.
To estimate the color contrast a flower makes with its background, which is critical for its detectability, we need to know the color receptor types of the animal in question, and we need a model to predict how color difference is computed on a neuronal level. Most species of bees have three color receptor types, most sensitive in the UV, blue, and green parts of the spectrum (9, 10) . The responses from these are evaluated by two color opponent processes, and bees appear to ignore brightness cues when identifying flowers (11, 12) .
The spatial resolution of bee vision is not only limited by the interommatidial angle [which should allow for a resolution of about 2.8°in the vertical and 5.4°in the horizontal direction in honeybees (13, 14) and of about 5°in bumblebees (15) ], but also by subsequent processing. When a target subtends at least 5°( and no more than 15°), honeybees use green contrast, i.e., the difference in signal provided by the green receptor between background and target, for detection. The receptive fields of color coding neurons are comparatively large, so that an area of 15°(equivalent to 59 ommatidia of its compound eye; ref. 16 ) must be subtended for a honeybee to identify a flower by its color. Thus from a distance of 1 m, a flower must be 26 cm in diameter so that a bee can recognize its color or to detect a flower by using color contrast! In this view, flowers would inevitably be first detected by using the green signal as the bee approaches a flower, unless it moves toward very near flowers whose visual angle exceeds 15°at the start of the flight (16, 17) .
These results, however, were obtained with bees making choices at a constrained distance from the target (the fork of a Y-maze), and under the assumption that both the bee and the target were stationary. Times to make a choice, which are crucial in foraging, were not recorded. When the bee is in motion, as during natural foraging, temporal constraints of the respective neuronal channels might become relevant for the detection process. As a bee moves across a meadow with flowers, the contrast each flower makes with its background is reduced, and spatial resolution also decreases (18) . With increasing flight speed, the amount of time a flower passes through the receptive field of a visuo-neuronal channel is reduced. Beyond a critical speed, this time window may be too short for the flower to be resolved by the temporal sensitivity of a receptor or neuronal channel, and the bee may fail to detect the object. In experiments with flickering stimuli, Srinivasan and Lehrer (18) concluded that a bee needs 10 ms to compute the color of an object. The green receptor channel, which also drives the bees' movement avoidance response, has been reported to have about half that integration time, which appears to be close to the photoreceptors' temporal resolution (19) . Whether these limitations apply when a single target suddenly appears in the visual field of a bee, and moves across the retina, is unknown.
Materials and Methods
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nest boxes, connected to a flight arena with a plastic tube. The flight arena measured 120 ϫ 100 ϫ 35 cm. It was covered with a UV-transparent Plexiglas cover. The floor consisted of two layers of plastic boards. The upper board was colored green (for spectral reflection see Fig. 1 I B () is the spectral reflection function of the background to which the receptors are adapted (Fig. 1 ). With this model, it is assumed that the photoreceptors display half their maximal response when stimulated by the light reflected from the adaptation background. When the maximum excitation E max of the photoreceptors is normalized to 1, the photoreceptor excitation can be described by
where P is the stimulus strength (Eq. 1), in units such that for P ϭ 1, E ϭ 0.5 [i.e., half the maximum potential; for details see Backhaus (11) and Vorobyev and Brandt (12)]. Thus, for the adaptation background, E equals 0.5 in each photoreceptor. Green contrast, then, is the degree to which any given stimulus generates an excitation value different from 0.5 in the green receptor. Because excitation can range from 0 to 1, the maximum green contrast is 0.5. Stimulus brightness is defined as the sum of all three photoreceptor excitations, so it can have any value from 0 to 3. Because the background, by our definition, has a brightness of 1.5, brightness contrast can have any value up to 1.5. Color distance is measured in hexagon units, brightness as the sum of the excitations of all three receptor types after adaptation to background, and green contrast as the specific excitation of the green receptor. In the analysis the absolute values of green contrast and brightness contrast were used.
hexagon's corners is unity. Therefore, color contrast of a given stimulus with its backdrop can range from 0 to 1.
Experimental Procedures.
Before the experiments, bees were allowed to familiarize themselves freely with the arena and to feed from transparent plastic dishes containing 1 M sucrose solution. Before experiments, bees were not exposed to colored targets. During an experiment, only one bumblebee at a time was allowed to enter the arena. During a search bout (a round trip from the nest to the flowers and back), we offered three flowers in the flight arena. The flowers were arranged in an equilateral triangle with a side length of 30 cm. Each flower disk was positioned exactly above a hole in the floor, filled with 30 l of 1.5 M sucrose solution. In each bout the triangle was randomly arranged on the floor, and the flowers were cleaned with 30% alcohol after each visit to eliminate scent marks by bees. The floor was cleaned in the same way after every third bout (22) .
An experiment started by training a single bee to search for the flowers and feed on the sugar solution provided by the cap under each flower. Each bee was tested on one color only, but on different flower sizes. During the training phase, we presented the largest size (28 mm in diameter) for 15 bouts. The subsequent test phase for the 28-mm flowers comprised five foraging bouts. After that we reduced the size for the next six bouts, and then reduced it further. We did not evaluate the first bout of each new size to exclude phases when bees first familiarized themselves with a new foraging situation. In each bout we measured the search time from entering the flight arena until landing on the third flower excluding the feeding times. To reduce high variation in search time due to different distances between the arena entrance and the first flower, we used only search times between flowers. We also excluded the time between the second and the third flower, because bees sometimes returned to the first flower. We tracked the bees' behavior by using the computer program OBSERVER, which allowed us to record behavioral observation data with defined push-button combinations on a laptop.
In the first experiment, we determined how flower size affected search time. Each of six bees was tested on blue flowers of five sizes (28, 22, 15, 8 , and 5 mm in diameter) in descending order. For all sizes and for each bee, we calculated the mean search time between the first and the second flower of all five bouts.
In our second experiment, we tested the influences of color properties on search time. We trained bees of seven groups to forage on one color of flower each. The flowers had the colors blue (bee-blue), yellow (bee-green), red (bee-uncolored), turquoise (bee-blue), UV-reflecting white (bee-uncolored), lemon (bee-green), and UV-absorbing white (bee-blue-green). The bees were tested on three flower sizes (28, 15 , and 8 mm) in a descending order. For the UV-absorbing white flowers, we also tested the effect of flower size on flight speed and height for three flower sizes (28, 15, and 8 mm). The final foraging bout on each floral size was videotaped. The flight path was recorded by a digital camera (Sony DCR-VX 1000E, 25 frames͞s) from the side of the arena through a transparent Plexiglas sheet. Because one camera was used it was only possible to measure velocity in the vertical x-y plane. Using this method, the recorded velocity and flight height of a bumblebee on a videotape depends on the distance between the bee and the camera lens. Therefore, we evaluated only videotape sequences during which the bee flew in a defined distance to the camera. We mounted a light-emitting diode in front of the camera. The experimenter observed the flying bee from above and switched the diode on when the bee was flying above a defined area that had been marked on the arena floor. This area had the shape of a narrow strip of the arena floor (10 cm width, but covering the entire width of the arena). The strip was arranged perpendicular to the direction in which the camera was pointing; its distance to the camera was 60 cm. We excluded all recordings 1 s before and after landing on a flower to avoid confounding search behavior and landing maneuvers. For each bee and floral size we obtained a mean number of 195 frames (32 to 384) of the flight paths within the marked area. This method enabled us to assess the real mean velocity (assuming that the velocity in the x-y plane is equal to the velocity in the x-z plane) and to determine differences between foraging flights for various flower sizes. For digitizing and analyzing video recordings, we used a computer-based video analysis system (WINANALYZE).
Results
A decrease in flower size prompted a drastic increase in search time, from 10.4 s Ϯ 8.5 s at a size of 28 mm to 124.3 s Ϯ 86.0 s at 5-mm size (Fig. 2) . Overall, search time is highly negatively correlated with size (Spearman rank test: r s ϭ Ϫ1.0, P Ͻ 0.0001, n ϭ 5). For the bees, it is substantially harder to detect the smaller flowers. Such flowers involve longer search times and thus lower foraging efficiency.
For the tested flower sizes of 28, 15, and 8 mm diameter, mean search time differs significantly among flower colors (KruskalWallis H test: 28 mm, H ϭ 16.3, P Ͻ 0.01; 15 mm, H ϭ 23.6, P Ͻ 0.001; 8 mm, H ϭ 12.8, P Ͻ 0.05). For large flowers, search time ranges from 2.0 s (lemon flowers) to 14.2 s (red flowers) or even 21.7 s (UV-reflecting white flowers; Table 2 ). For small flowers search times are more than doubled, ranging from 15.4 s (lemon flowers) to 46.1 s (turquoise flowers). The mean search times for each color and size are plotted in Fig. 3 as a function of color contrast and green contrast provided by the flowers. For large flowers, Spearman's rank test reveals a significant negative correlation between search time and color contrast (r s ϭ Ϫ0.93, P Ͻ 0.01, n ϭ 7). No correlation with the achromatic properties brightness (r s ϭ Ϫ0.71, P ϭ 0.08) or green contrast (r s ϭ Ϫ0.11, P ϭ 0.82) was found. The same picture is obtained for the medium flower size (color contrast: r s ϭ Ϫ0.86, P Ͻ 0.05; brightness contrast: r s ϭ 0.64, P ϭ 0.12; green contrast: r s ϭ Ϫ0.32, P ϭ 0.48). This means that with an increase in color contrast, search time decreases.
An entirely different picture is obtained for small flowers (8 mm). Here, a significantly negative correlation is found between mean search time and green contrast (r s ϭ Ϫ0.89, P Ͻ 0.01), but no correlation with color contrast (r s ϭ 0.00, P ϭ 1.0) or brightness contrast (r s ϭ Ϫ0.36, P ϭ 0.43). For this size, a larger green contrast leads to a shorter search time. The switch from one neuronal channel to the other is particularly striking when comparing search times in the yellow and UV-absorbing white flowers: yellow flowers exhibit a higher color contrast to the background, but only approximately twothirds of the amount of green contrast. Bees take longer to search for the large UV-absorbing white flowers (22% longer compared to yellow flowers), suggesting that color contrast is the relevant parameter. But search times are reversed in the small flowers: here they are longer for the yellow flowers (72% longer compared to the white flowers), presumably because bees use green contrast instead of color contrast.
We find a significant decrease in flight height and velocity with decreasing flower size (Fig. 4) . The mean flight height drops from 52.0 mm (Ϯ15.2) for 28 mm flowers to 26.1 mm (Ϯ5.2) for 8-mm flowers. The velocity declines from 208.6 mm͞s (Ϯ38.8) to 165.1 mm͞s (Ϯ23.2).
Discussion
We tested whether the optical properties of a flower, measured as color contrast, green contrast, and size, affect search time and flight behavior of foraging bumblebees. Our results reveal a strong influence of these properties on search time and thus foraging costs. We discuss these findings in the light of optimal foraging behavior.
Floral Color Properties and Detectability. Both chromatic and achromatic color properties of a flower affect search time, depending on flower size (Fig. 3 and Table 2 ). In large flowers search time is a function of color contrast, whereas in small flowers it is correlated with green contrast. Consequently, the bees seem to be limited alternatively by chromatic or achromatic features, depending on the visual angle subtended by the flower.
At first glance, these findings are nicely consistent with the results obtained in dual-choice experiments for honeybees (16, 23) . In those experiments, bees were trained to discriminate between two objects, providing various visual angles and either chromatic or achromatic contrast or both. When provided with an angle between 5°and 15°, the bees' choice behavior was governed by green contrast. When the angle was Ͼ15°, the bees used solely chromatic cues. At close inspection, however, our results are not so easily explained by these earlier findings. As a bee approaches a flower, that flower will inevitably exceed the 5°threshold before the 15°threshold. Therefore, detectability should always be correlated with green contrast, unless such contrast is not available, or unless flowers are extremely close to one another. Identification by color would always happen subsequent to detection by green contrast. Our results indicate that bumblebees use color contrast to detect large flowers. This result is not explicable by the possibility that each flower already subtends more than 15°when seen from the other flowers: from 30 cm away, the largest flower type covers only 5°, even if presented vertically. We suggest that bees may be selectively using color contrast when they expect large flowers and ignore the signal from the green receptor channel. This may enable bees to identify flowers with more certainty, simply because color contrast uses three input variables, whereas green contrast is only defined by one. Thus, bees face a tradeoff between reliable identification and rapid detection, and the relative benefits of both might change depending on floral size. To estimate the theoretical increase in search costs if bees would use the color channel for small flowers, it is useful to consider the size of the area inside, which the bee is able to detect from a given flight height. Time was measured from leaving the first flower to landing on the second flower. Detection Area and Color Recognition Area. As a bee searches the arena for flowers, the probability of its success does not depend directly on stimulus size. Rather, at any given flight altitude, this probability depends on the likelihood that it enters the area inside which the flower subtends either a visual angle of Ն15°for using the color channel or Ն5°for using the green contrast channel. We will henceforth designate the circular area (with radius ϭ r, see Fig. 5 ) directly above the flower, inside which detection is possible, as the detection area, and that inside where an assessment of color contrast is feasible, the color recognition area (Fig. 5) . Considering the mean flight height (h), the corresponding flower diameter (d), and the minimum visual angle (␣) of 5°or 15°respectively, we calculated these areas as follows:
where
(for explanation see Appendix and Fig. 6 , which are published as supplemental material on the PNAS web site, www. pnas.org).
It follows that the color recognition area (visual angle Ն15°a t the bee's eyes) is 91.9 cm 2 for 28-mm f lowers and 3.6 cm 2 for 8-mm f lowers. The detection area (a minimum visual angle of 5°is subtended by the f lowers) is 352.2 and 50.5 cm 2 for 28-mm and 8-mm f lowers, respectively. This means that, using color contrast, bees would have to face a roughly 25-fold increase in search times (because the probability of a searching bee to enter the detection area is proportional to its surface) when searching for 8-mm instead of 28-mm f lowers. If bees switch from color contrast to green contrast (and thus from a 15°to a 5°receptive field) when searching for smaller f lowers, we would expect an increase in search time by only a factor of 1.8, which is almost within the range of factors (1.9 to 4.6) that we empirically determined ( Table 2 ). Note that, while the detection area is always larger than the color recognition area, its relative advantage decreases with f loral size. In 28-mm f lowers, the color recognition area measures 26% of the detection area, whereas in 8-mm f lowers, color contrast can be used only in 7% of the total detection area. We conclude that, with increasing f loral size, the increase in search time by using color contrast is compensated by acquiring higher precision of f loral recognition.
Flower Size and Flight Behavior. We showed that the size of an artificial f lower strongly affects the time a bee needs to detect this f lower (Fig. 2) . Two scenarios might explain this increase in search time: (i) The bee's f light height and velocity stay constant while searching for f lowers of different sizes. This leads to a reduced detection area. In this case, the probability of a randomly searching bee to enter this area decreases, and thus the time until she detects the object increases. (ii) The bee adapts her f light height to the sought objects in such a way that detection area is maintained constant. Here the detection area becomes larger compared to the first scenario, but the total area scanned by the bee per time decreases. Our results indicate that bees use a strategy that is closer to the second possibility: the bees sacrifice total area scanned per unit time to increase detection area. When the bees search for small f lowers, they decrease their f light height from 52 to 26 mm, close to the theoretical height of 15 mm when they would keep the detection area exactly constant. 5 . This sketch illustrates the geometry necessary to calculate the radius of the detection area, r, within which a bee flying at a given height, h, will be able to detect a flower with diameter d, given a resolution of ␣ Ն 5°(␣ Ն 15°for the color recognition area; r ϭ radius of the circular detection area, sin ␣ ϭ visual angle subtended by the flower when the bee is situated at point e).
With a decrease in flower size, flight velocity also decreases. This means that bees forgo even more of area scanned per time, suggesting that temporal constraints play a role in floral detection as well. The results of Srinivasan and Lehrer (18) suggest that bees take about 10 ms to compute the color of an object seen in flight. They concluded that bees flying at a speed of 7 m͞s at a height of 2 m can still resolve two objects spaced 12.5 cm apart on the ground. Can the 10-ms limit explain the strategy used by bees searching for small flowers? Yes. Consider a bee flying at a speed of 30 cm͞s at a height of 5.2 cm-these are the values obtained for our bees searching for flowers with A ϭ 28 mm. For a neuron with a receptive field of 5°, this flower would ''appear'' for 48 ms (and 78 ms for a receptive field of 15°), a value large enough for processing color information. But bees even further reduce their speed when flowers are smaller (23 cm͞s for flowers of A ϭ 8 mm). In this case, a flower would appear for 24 ms for a receptive field of 15°, but only for 5 ms for a receptive field of 5°, too short for processing color information! Hence the bee can rely only on the green contrast for detecting small flowers at a speed of 23 cm͞s, or it would have to fly even slower and thus further increase search times. Note that energetic constraints appear to play a marginal role in adjusting foraging velocity: Ellington et al. (24) found that, in bumblebees, energetic expenses are constant over a very large range of flight speeds. Together with our findings, these results suggest that temporal limitations of visual processing are critical to determine the optimal flight speed.
Implications for Studying Foraging Behavior. Studies of foraging behavior in bees have treated visual cues, such as color and shape, as stimuli with which the bees can associate and discriminate between different rewarding units (6, (25) (26) (27) (28) (29) .
Most of those authors paid attention to the effects of the amount of nectar provided and the density of nectar dispensers, but not the possible effects caused by the cues themselves. We emphasize that, for assessments of the energetic value of a prey type, it is essential to include the costs of detecting this type. In the optimal foraging literature, there is a wide range of papers that deal with optimal foraging speed. As possible factors contributing to adjustments of speed, those papers discuss energetic considerations (30, 31) , motivation (32) , and scramble competition (33) . Our study shows that understanding the mechanisms of visual information processing is also crucial to interpreting optimal search behavior. For example, optimal foraging theory predicts that two f lower types with equal nectar rewards, and with equal density, should be chosen equally frequently. Our results do not only show that the net caloric value of a f lower type will be fundamentally determined by its color, which has strong effects on search time. More intriguingly, our findings lead to the prediction that the bees' relative preference for f lowers of two colors may switch depending on f loral size; one f loral color may be easier to detect at large size, but the same color may be harder to detect than the other color when f lowers are small. This is because different neuronal channels with different spatio-temporal properties are used for detection of large and small f lowers. Floral advertising strategies may respond to these perceptual constraints: a strong color contrast with the background (independently of direction) may be favored in large f lowers, whereas small f lowers should strive to optimize green contrast only.
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